Background: During embryonic development, endothelial precursor cells (angioblasts) migrate relatively long distances to form the primary vascular plexus. The migratory behavior of angioblasts and localization of the primitive blood vessels is tightly regulated by pro-angiogenic and anti-angiogenic factors encountered in the embryonic environment. Despite the importance of corneal avascularity to proper vision, it is not known when avascularity is established in the developing cornea and how pro-and anti-angiogenic factors regulate this process. Results and Discussion: Using Tg(tie1:H2-B:eYFP) transgenic quail embryos to visualize fluorescently labeled angioblasts, we show that the presumptive cornea remains avascular despite the invasion of cells from the periocular region where migratory angioblasts reside and form the primary vasculature. Semiquantitative reverse transcriptase polymerase chain reaction analysis and spatiotemporal examination of gene expression revealed that pro-and anti-angiogenic factors were expressed in patterns indicating their potential roles in angioblast guidance. Conclusions: Our findings show for the first time that chick corneal avascularity is established and maintained during development as the periocular vasculature forms. We also identify potential candidate pro-and anti-angiogenic factors that may play crucial roles during vascular patterning in the anterior eye. Developmental Dynamics 242:738-751, 2013. V C 2013 by Wiley Periodicals, Inc. †
INTRODUCTION
The absence of blood vessels in the mature cornea is critical for its transparency and function in vision. Avascularity in the adult cornea is actively maintained by a balance between pro-angiogenic and antiangiogenic factors (Ambati et al., 2007; Ellenberg et al., 2010; Han and Zhang, 2010) . Although several studies have focused on elucidating the molecules that maintain corneal angiogenic privilege and the pathological conditions causing its vascularization in adults, it is not clear when corneal avascularity is established during development and whether pro-and anti-angiogenic factors regulate this process.
During embryonic development, endothelial cell precursors (angioblasts) migrate long distances, proliferate, and coalesce into primitive vasculature during a process known as vasculogenesis. This process involves the formation of unobstructed vascular lumens and establishment of vascular networks that transport blood rich in oxygen, nutrients, and cells to developing tissues (Risau and Flamme, 1995; Eichmann et al., 2005; Ferguson et al., 2005; Schmidt et al., 2007) . As the embryo grows, some primitive blood vessels are pruned, whereas others anastomose with neighboring vascular sprouts to form stable larger vessels, which later invade new regions by means of a process known as angiogenesis.
To maintain proper vascularization of tissues during embryogenesis and in adults, vascular invasion due to vasculogenesis and angiogenesis are tightly regulated by the complementary action of pro-and anti-angiogenic factors localized within the environment they encounter. Numerous growth factors and regulatory proteins that guide angioblast migration or function in vascular stabilization have been identified (Lindahl et al., 1997; Adams and Alitalo, 2007; Gaengel et al., 2009; Adams and Eichmann, 2010; Hellberg et al., 2010; Tam and Watts, 2010; Crivellato, 2011) . The pro-angiogenic factors, including vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and platelet-derived growth factor B (PDGFB) promote migration, proliferation, and differentiation of angioblasts and endothelial cells. Null mutations of VEGFA, PDGFB or their respective receptors, VEGFR1, VEGFR2, and PDGFR-b, cause vascular and cardiac defects that are embryonic lethal (Tomanek et al., 2001; Bjarnegå rd et al., 2004) . Deficiencies of FGF2, FGFR1, and FGFR2 result in vascular defects and other developmental abnormalities (Blaber et al., 1999; Miller et al., 2000; Murakami et al., 2008) . In contrast, the anti-angiogenic factors, including the Semaphorins (Sema3A, and Sema3E), Netrins (Netrin1 and Netrin4), and soluble fms-like tyrosine kinase-1 (sFlt1, a truncated form of VEGFR1) counter the effects of proangiogenic factors during vasculogenesis. Semaphorins and Netrins function as repulsive guidance cues, which inhibit endothelial cell migration (Gu, 2005; Guttmann-Raviv et al., 2007; Acevedo et al., 2008; Bouvr ee et al., 2008; Lejmi et al., 2008; Sakurai et al., 2010) , whereas sFlt1 binds to and sequesters VEGFA in the extracellular environment (Aiello et al., 1995; Ambati et al., 2006) .
Blood vessels that supply the adult cornea have been traced to their origin from the ophthalmic artery, which ramifies as it progresses toward the anterior eye to form the ciliary arteries of the pericorneal vascular plexus in the limbus region adjacent to the cornea. The presence of a physical barrier within the transitional limbal region that separates the avascular cornea from the highly vascularized limbus is still a subject of debate (Ellenberg et al., 2010) . However, recent studies have challenged this hypothesis by demonstrating that neovascularization can be induced by adding pro-angiogenic factors such as VEGF, FGF, and PDGF into adult corneas (Kenyon et al., 1996; Auerbach et al., 2003; Zhang et al., 2009; Cao et al., 2011) . Of interest, both induced and pathological corneal neovascularization can be inhibited by addition of anti-angiogenic factors (Ambati et al., 2006; Benny et al., 2010; Chen et al., 2010) . In addition, our previous study indicated that no such physical barrier exists during cornea development, because neural crest cells from the surrounding periocular region (Hay, 1980; Creuzet et al., 2005) migrate between the ectoderm and lens to form the corneal endothelium and stroma (Lwigale et al., 2005) . Currently, it is not clear whether angioblasts migrate into the presumptive cornea in concert with the neural crest cells. In addition, it is also not clear if angioblast migration and vasculogenesis are regulated by a balance between pro-and antiangiogenic factors within the periocular and corneal environment to establish and maintain vasculature that is restricted to the limbal region.
In this study, we initially determined when corneal avascularity is established by characterizing vasculogenesis of the anterior eye. Using Tg(tie1:H2B:eYFP) transgenic quail embryos, we show that during eye development, angioblasts migrate into the anterior eye but avoid the presumptive cornea and form the primary vasculature in the adjacent periocular region. Our data from mRNA expression analysis by reverse transcriptase polymerase chain reaction (RT-PCR) and section in situ hybridization show that pro-and anti-angiogenic factors as well as their receptors are expressed in the anterior eye region during ocular vasculogenesis. These data demonstrate for the first time that corneal avascularity is established concomitantly with stroma formation and suggest a potential role for pro-and antiangiogenic factors during this process.
RESULTS AND DISCUSSION

Vasculogenesis of the Anterior Eye and Corneal Avascularity
There are two possibilities for how corneal avascularity is established:
(1) neural crest cells are permitted to migrate into the presumptive cornea, whereas angioblasts are prohibited; or (2) both neural crest cells and angioblasts migrate into the presumptive cornea but the corneal vasculature regresses as observed in the hyaloid vasculature (Latker and Kuwabara, 1981) . To characterize the development of the limbal vasculature and determine when corneal avascularity is established, we used Tg(tie1:H2B:eYFP) transgenic quail embryos (Sato et al., 2010) . Tie1 is an angiopoietin tyrosine kinase receptor that is exclusively expressed by angioblasts and endothelial cells (Iljin et al., 2002; Chan et al., 2008) . Expression of the Tg(tie1:H2B:eYFP) allowed us to visualize the nuclear expression of H2B:eYFP in migratory angioblasts and forming blood vessels during eye development. We chose embryonic day (E) 3, E5, and E7 eyes, which reflect the three critical stages of cornea development when neural crest cells surround the presumptive cornea, migrate between the lens and ectoderm to form the corneal endothelium,
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followed by the corneal stroma (Hay, 1980; Creuzet et al., 2005; Lwigale et al., 2005) .
By E3, angioblasts were present in the anterior eye but avoided presumptive cornea (Fig. 1A,D ). At this time, individual angioblasts were localized in the periocular mesenchyme adjacent to the optic cup ( Fig.  1D ). By E5, angioblasts had aggregated to form the tubular temporal and nasal ciliary arteries and a "vascular ring" around the cornea periphery ( Fig. 1B) . At this stage, the tubular blood vessels are visible under a dissecting microscope. Previous studies visualized the vascular network of the eye following injection of black ink (Hughes, 1934) and by analysis of corrosion casts by electron microscopy (Hiruma and Hirakow, 1995) . These methods were not sensitive enough to visualize earlier stages of angioblast migration and aggregation accomplished by the molecular identification used in this study. Of interest, despite the ongoing migration of cells from the periocular region to the space between the lens and ectoderm to form the cornea endothelium, the angioblasts and primitive vasculature remained in the periocular region ( Fig. 1E ). By E7, the three major layers of the cornea were formed and surrounded by the newly formed blood vessels. The nasal ciliary artery had regressed ( Fig. 1C ; asterisk), while the primitive vascular plexus in the temporal region transformed into a network of blood vessels that joined the temporal ciliary artery ( Fig. 1C; arrows) . Respectively, the pericorneal vascular ring and neural crest cells adjacent to the tip of the optic cup formed the iridial ring artery and stroma of the iris (Fig. 1C ,F). Our results show that blood vessels in the anterior region of the eye are generated by vasculogenesis. We also show that cell migration from the periocular region into the cornea is limited to presumptive corneal cells. Because no physical barrier exists between the periocular mesenchyme and presumptive cornea, it is likely that either pro-angiogenic factors do not attract angioblasts into the developing cornea, or anti-angiogenic factors prevent their migration from the periocular region.
Expression of Pro-and Anti-angiogenic Factors in the Anterior Eye During Development
Next, we assessed whether pro-and anti-angiogenic factors were present in the anterior eye region during angioblast migration and vasculogenesis. Initially, we performed a semiquantitative RT-PCR analysis on anterior eye tissues isolated from E3, E5, and E7 embryos. Our results ( Fig.  1G) show that mRNA for pro-angiogenic factors including VEGFA and its receptors VEGFR1 and VEGFR2; FGF1, FGF2, and receptors FGFR1 and FGFR2; PDGFB and receptor PDGFR-b; and Sema3G and receptor Npn2 were expressed between E3 and E7. A similar pattern was observed for mRNA encoding anti-angiogenic factors including sFlt1; Sema3E and its receptor PlexinD1; and Netrin1, Netrin4, and receptors Neogenin, Unc5C were also expressed between E3 and E7. With the exception of Netrin4, which was not detected at E3, mRNAs for all pro-and antiangiogenic factors and their receptors were consistently present during vasculogenesis of the anterior eye and cornea development. Our results indicate a potential role for pro-and antiangiogenic factors during the patterning of ocular blood vessels and development of avascular cornea.
Spatiotemporal Expression of Pro-angiogenic Factors in the Anterior Eye
Expression of VEGFA, VEGFR1, VEGFR2, and sFlt1
In vertebrates, the VEGF family is comprised of five members (VEGFA, B, C, D, and placental growth factor (PIGF), which differentially signal through the tyrosine-kinase receptors VEGFR1, VEGFR2, and VEGFR3. VEGFA is well known for its role in promoting endothelial cell migration, proliferation, and assembly into primitive vasculature during embryonic development and in adults (Argraves et al., 2002; Ruhrberg et al., 2002; Carmeliet, 2003) . VEGFA signaling is transduced by binding to VEGFR1 and VEGFR2 receptors specifically expressed on the surface of endothelial cells (Fong et al., 1995; Shalaby et al., 1995) .
VEGFA was vividly expressed in the lens vesicle and optic cup by E3 ( Fig. 2A ) and its expression was maintained in these tissues at E5 and E7 ( Fig. 2B,C) . It was also broadly expressed at low levels in the periocular mesenchyme at E3 and E5 ( Fig.  2A,B ). The expression pattern of VEGFA was maintained in the lens and stroma of the presumptive iris at E7 (Fig. 2C ). VEGFR1 was expressed by the angioblasts adjacent to the optic cup at E3 ( Fig. 2D ,D 0 ), but its expression was diminished in the pericorneal vascular ring at E5 ( Fig.  2E ,E 0 ). By E7, VEGFR1 expression was not detectable in the iridial ring artery ( Fig. 2F ), although it remained strong in the posterior retina (data not shown). VEGFR2 was expressed by angioblasts at E3 ( Fig. 2G ,G 0 ) and maintained in the vascular ring and iridial artery ( Fig. 2H ,H 0 ,I). The expression pattern of VEGFA in the optic cup and its receptors by angioblasts in the adjacent periocular region is consistent with the proangiogenic role of VEGF signaling during vasculogenesis.
Although VEGFA is expressed in the lens, angioblasts do not migrate past the tip of the optic cup into the presumptive cornea region. One possibility is that VEGFA-mediated angioblast migration is inhibited. Sequestration of VEGFA by sFlt1 in the adult cornea accounts for one of the mechanisms by which corneal avascularity is maintained (Ambati et al., 2006) . Although sFlt1 was present in the anterior eye, expression was at relatively lower levels than VEGFA in the lens and optic cup ( Fig.  2J -L), suggesting that sFlt1 alone may not be sufficient to inhibit angioblast migration into the presumptive cornea. In addition, previous studies have shown that another VEGFA receptor, Npn1, is expressed in the periocular region at E3 (Chilton and Guthrie, 2003) overlapping migratory angioblasts and neural crest cells, and later it is expressed by ocular blood vessels at E5 and E6 (Lwigale and Bronner-Fraser, 2009 ). VEGFA signaling through Npn1 and VEGFR2 is critical for cardiac development and vascular morphogenesis (Kitsukawa et al., 1995; Kawasaki et al., 1999; Yamada et al., 2001; Gu et al., 2003) . However, Npn1 is a dual receptor for VEGFA and the cell guidance molecule Sema3A (Soker et al., 1998; Miao et al., 1999; Pan et al., 2007) . Given that the Sema3A is strongly expressed by the lens (Lwigale and Bronner-Fraser, 2009; Kubilus and Linsenmayer, 2010) and overlaps with VEGFA ( Fig. 2A-C) , it is likely that Npn1-expressing angioblasts are inhibited from migrating into the presumptive cornea by Sema3A signaling from the lens. This behavior would be similar to Npn1-expressing periocular neural crest cells, which do not contribute to the cornea (Lwigale and Bronner-Fraser, 2009 ).
Developmental Dynamics
Expression of FGF1, FGF2, FGFR1, and FGFR2
FGF is a large family of morphogens that regulate various processes critical for embryonic development, including angiogenesis, cell differentiation, and migration (McAvoy et al., 1991; Friesel and Maciag, 1995; Moura et al., 2011) . They signal by differentially binding to four tyrosinekinase receptors (FGFR1, R2, R3, and R4) and to cell-associated heparin sulfate proteoglycans that act as coreceptors (Pellegrini, 2001; Itoh and Ornitz, 2004) . Here, we focused on FGF1 and FGF2, which stimulate angiogenesis by signaling through the Developmental Dynamics Fig. 2 . Expression of VEGFA and its receptors in the anterior eye during vasculogenesis and corneal development. A-L: Section in situ hybridization was used to determine the expression of VEGFA (A-C), VEGFR1 (D-F), VEGFR2 (G-I), and sFlt1 (J-L) in the anterior eye at embryonic day (E) 3, E5, and E7. VEGFR1 and VEGFR2 are strongly expressed by angioblasts at E3 (arrows, D 0 , G 0 ) and in the vascular ring at E5 (E 0 , H 0 ). Brown tissue at E5 and E7 indicates natural coloration of the retinal pigmented epithelium (asterisk). VEGF, vascular endothelial growth factor; L, lens; OC, optic cup; pm, periocular mesenchyme; pi, presumptive iris; ep, corneal epithelium; en, corneal endothelium; st, corneal stroma; vr, vascular ring; ir, iridial ring artery.
main receptors FGFR1 and FGFR2 expressed by endothelial cells (Nakamura et al., 2001; Poole et al., 2001; Javerzat et al., 2002; Presta et al., 2005) .
At E3, FGF1 was expressed in the optic cup in a diminishing gradient toward the anterior eye region (Fig.  3A) . Although FGF1 expression was maintained at high levels in the posterior retina between E5 and E7 (data not shown), it was not expressed in the anterior eye region (Fig. 3B,C) . In contrast, FGF2 expression was strong in the lens but low and diffused in the optic cup and periocular mesenchyme at E3 (Fig. 3D) . At E5, FGF2 expression was maintained at similar levels in the lens, optic cup, and periocular mesenchyme (Fig. 3E ). By E7, FGF2 was faint in the lens and absent in the cornea and optic cup (Fig. 3F) .
FGFR1 was expressed at E3 in the lens, optic cup, and periocular mesenchyme ( Fig. 3G,G 0 ). At E5, it appeared in the forming cornea endothelium ( Fig. 3H ), but it was expressed at low levels in the vascular ring compared with the surrounding periocular mesenchyme (Fig. 3H 0 ) . By E7, expression of FGFR1 disappeared from the cornea endothelium, vasculature, and periocular mesenchyme, but it persisted at low levels in the lens and iris stroma, and remained vivid in the optic cup (Fig. 3I ). FGFR2 was expressed in the periocular mesenchyme, including the region of the migratory angioblasts at E3 (Fig.  3J ,J 0 ). By E5, FGFR2 was expressed in the lens, optic cup, ectoderm, and in the periocular mesenchyme, including the pericorneal vascular ring, but absent in the cornea endothelium ( Fig. 3K,K 0 ). At E7, FGFR2 was highly expressed in the neural crest mesenchyme of the presumptive iris and the iridial ring artery, but maintained at low levels in the lens and optic cup (Fig. 3L) . The complementary expression patterns of FGFR1 and FGFR2 at E7 suggest that they perform different developmental roles at this stage.
Developmental Dynamics
The localization of FGF1 suggests that it is involved in patterning events in the retina, possibly through FGFR1 (Matsushima et al., 1996; Rousseau et al., 2000) . The dynamic expression of FGF2 suggests its potential role during early anterior eye development by signaling through FGFR1 and FGFR2 to regulate angioblast migration and proliferation. Also, FGF2 signals through only FGFR2 at a later stage to regulate tubulogenesis (Zhou et al., 1998) .
Expression of PDGFB and PDGFR-b
Platelet-derived growth factor (PDGF) is a family of heparin binding growth factors (PDGF-A, -B, -C, and -D) that bind to PDGF receptors -a and -b resulting in activation of a receptor tyrosine kinase and signal transduction. PDGF signaling plays significant roles during embryonic development, including angiogenesis (Andrae et al., 2008) . In this group, PDGFB signaling by means of PDGFR-b promotes differentiation of endothelial cell precursors into endothelial cells (Rolny et al., 2006) . Furthermore, PDGFB signaling recruits mural cells to newly formed blood vessels that play an important role during vascular remodeling and angiogenesis (Hellstr€ om et al., 1999; Bjarnegå rd et al., 2004; Armulik et al., 2005; Zhang et al., 2009) PDGFB was expressed in the lens from E3-E7 ( Fig. 4A-C) . Expression of PDGFB in the periocular mesenchyme adjacent to the developing vasculature was evident at E5 and E7 (Fig. 4B,C) . PDGFR-b was not visible in the angioblasts at E3 (Fig. 4D,D 0 ), but was localized in the mesenchyme around the developing vasculature of the presumptive iris at E5 and E7 (Fig. 4E ,E 0 ,F). Based on these expression patterns, it is likely that PDGFB signaling plays a role during development and maturation of the vascular plexus in the anterior eye. In addition, expression of PDGFB in the lens could be involved in cell proliferation and differentiation by means of PDGFR-a (Reneker and Overbeek, 1996; Kok et al., 2002) .
Spatiotemporal Expression of Anti-angiogenic Factors in the Anterior Eye
Expression of Sema3E/PlexinD1 and Sema3G/Npn2
Semaphorins are a group of secreted and membrane-associated proteins that play important roles during embryonic development and adulthood. All vertebrate semaphorins (semaphorins 3-7) signal by directly binding plexins (plexinA-D) or through tyrosine kinase receptors Npn1 and Npn2 with plexin co-receptors (Callander et al., 2007; Bagri et al., 2009 ). In this group, the secreted Sema3A, Sema3E, and Sema3G have been associated with vascular development and patterning (Bates et al., 2003; Serini et al., 2003; Gitler et al., 2004; Gu, 2005; Kutschera et al., 2011 ). The expression pattern and possible role of Sema3A/Npn-1 signaling was discussed earlier in relation to VEGF signaling. Therefore, we will focus on the expression of Sema3E/PlexinD1 and Sema3G/Npn2.
Developmental Dynamics
In the anterior eye region, Sema3E was expressed in the optic cup at all stages ( Fig. 5A-C) and in the periocular mesenchyme in the region of the iridocorneal angle at E7 (Fig. 5C;  arrowheads) . The anti-angiogenic signaling by Sema3E is mediated by binding directly to plexinD1 (Gu et al., 2005) . PlexinD1 was expressed by angioblasts ( Fig. 5D,D 0 ) and maintained in the forming blood vessels (Fig. 5E,E 0 ,F) , and in the mesenchyme of the presumptive iris at E5 and E7 (Fig. 5E,F; long arrows) . The complementary pattern of Sema3E and PlexinD1 expression in the eye is similar to that observed in the trunk region, where Sema3E signaling by Fig. 5 . Expression of Sema3E, Sema3G, and their respective receptors PlexinD1 and Npn2 in the anterior eye during vasculogenesis and corneal development. A-L: Section in situ hybridization was used to determine the expression of Sema3E (A-C), PlexinD1 (D-F), Sema3G (G-I), and Npn2 (J-L) in the anterior eye at embryonic day (E) 3, E5, and E7. Sema3E is expressed in the mesenchyme of the iridocorneal angle at E7 (arrowheads). PlexinD1 and Sema3G are strongly expressed by angioblasts at E3 (arrows, D 0 , G 0 ) and in the vascular ring at E5 (E 0 , H 0 ). PlexinD1 is also expressed in the mesenchyme of the presumptive iris at E5 and E7 (long arrows). L, lens; OC, optic cup; pm, periocular mesenchyme; pi, presumptive iris; ep, corneal epithelium; en, corneal endothelium; st, corneal stroma; vr, vascular ring; ir, iridial ring artery; ca, ciliary artery. Scale bar ¼ 100 mm in A-L, 20 mm in D 0 ,E 0 ,G 0 ,H 0 ,J 0 ,K 0 . the somites guides angioblast migration by means of PlexinD1, leading to the formation of intersegemental vessels (Torres-V azquez et al., 2004; Gu, 2005) . It is therefore possible that Sema3E/PlexinD1 signaling in the eye plays a role in preventing vascularization of the anterior optic cup and in the migration of the PlexinD1expressing angioblasts and neural crest mesenchyme past the tip of the optic cup into the presumptive cornea. Furthermore, the expression of Sema3E in the iridocorneal angle may serve as a barrier to vascular ingrowth into the cornea at later stages of development.
Sema3G was expressed by angioblasts in the periocular region at E3 (Fig. 5G,G 0 ; arrows) , and this expression was maintained during vasculogenesis between E5 and E7 (Fig. 5H,H 0 ,I) . Sema3G was also strongly expressed in the posterior neural retina and blood vessels adjacent to the retinal pigment epithelium at E7 (data not shown). Npn2 was expressed in the optic cup, lens epithelium, and in a few angioblasts and periocular mesenchyme of the posterior eye at E3 (Fig. 5J,J 0 ). Also at this stage, Npn2 was strongly expressed in the newly formed cranial blood vessels in the posterior eye region where it persisted until later stages (data not shown). By E5, expression of Npn2 was strong in the periocular mesenchyme and presumptive corneal endothelium, and evident in the forming vasculature (Fig.  5K,K 0 ). Npn2 expression in the lens and optic cup was dramatically diminished at E5. At E7, expression of Npn2 was strong in the blood vessels and periocular mesenchyme, stroma of the presumptive iris, and in the corneal stroma (Fig. 5L) . These expression patterns are consistent with previous observations in developing murine arterial blood vessels, where Sema3G is expressed by endothelial cells and Npn2 is expressed by the adjacent smooth muscle cells (Kutschera et al., 2011) . Because Npn2 is expressed by the periocular blood vessels and adjacent mesenchyme, it is possible that autocrine signaling by Sema3G in endothelial cells stabilizes developing blood vessels, whereas paracrine signaling stimulates migration and incorporation of pericytes and smooth muscle cells in the formation of mature blood vessels.
Expression of Netrin1, Netrin4, Neogenin, and Unc5B
Netrins are secreted extracellular proteins that are well known for their role in axon guidance, angiogenesis, and in various developmental processes including cell migration and differentiation (Jiang et al., 2003; Lu et al., 2004; Carmeliet and Tessier-Lavigne, 2005) . Netrins are structurally related to laminins, with netrins1-3 bearing homology to the g-chain and netrin4 to the b-chain. Signaling by netrins is mediated by means of activation of receptors belonging to the uncoordinated 5 (Unc5) family, which consist of Unc5A-D, and by deleted in colorectal cancer (DCC), comprised of DCC and Neogenin (Rajasekharan and Kennedy, 2009 ). The Unc5B and Neogenin receptors have been implicated in mediating anti-angiogenic netrin signaling during endothelial cell migration and vascular sprouting. Netrin1/unc5B signaling inhibits sprouting angiogenesis and endothelial migration in vitro Larriv ee et al., 2007; Bouvr ee et al., 2008) . Netrin4 signaling through neogenin plays a similar role (Lejmi et al., 2008) . The vascular-specific receptor Unc5B was expressed by the angioblasts and forming periocular blood vessels between E3 and E7 ( Fig. 6A-C) . As previously reported (Adler and Belecky-Adams, 2002; Harada et al., 2007) , Netrin1 was expressed in the ventral region of the optic cup at E3 (Fig. 6G,H) . By E5, Netrin1 expression was confined to the region of the choroid fissure (Fig. 6G,I; asterisk) and adjacent to the optic stalk ( Fig. 6G,I;  arrowhead) . In mammals and zebrafish, angioblast migration through the choroid fissure leads to the formation of the transient hyaloid vasculature (Saint-Geniez and D'Amore, 2004; Morcillo et al., 2006; Weiss et al., 2012) . In birds, angioblasts do not migrate into the optic cup and the hyaloid vasculature does not form, but instead a pecten artery develops from the optic nerve region in the posterior eye (Hiruma, 1996) . Based on the expression patterns above, Netrin1/unc5B signaling may play a role in preventing angioblast migration into the chick eye by means of the choroid fissure.
Neogenin was strongly expressed by the optic cup and at relatively low levels in the lens and periocular mesenchyme at E3 and E5 (Fig. 6D,E) . By E7, Neogenin expression was diminished in the lens and optic cup, but remained vivid in the mesenchyme of the iridocorneal angle region of presumptive ocular muscles ( Fig. 6F ; long arrows) and neural retina (data not shown). Netrin4 was expressed at very low levels in the lens compared with the optic stalk region of the neural retina (Fig. 6J ,J 0 ,K,K 0 ). Therefore, Netrin4/Neogenin signaling may play a role during angioblast migration but is not required later during vasculogenesis.
Summary
We have shown that corneal avascularity is established early and maintained during avian eye development as neural crest cells migrate from the periocular region to form the corneal endothelium and stroma. Our gene expression results and potential involvement in ocular vasculogenesis are summarized in the schematic representation of the anterior eye (Fig.  7) . Transcripts encoding both pro-and anti-angiogenic factors are expressed in the anterior eye during cornea Developmental Dynamics Fig. 7 . Schematic diagram summarizing gene expression and the putative role of pro-and anti-angiogenic factors during vasculogenesis of the anterior eye. Pro-and anti-angiogenic factors are expressed in the lens, optic cup, and periocular mesenchyme (blue and red, respectively). These expression patterns suggest that corresponding proteins are secreted into the presumptive cornea and periocular region (blue and red arrows, respectively). Angioblasts, blood vessels (green), and periocular neural crest cells (gray) express receptors for the pro-and antiangiogenic factors. Absence of angioblast migration and vasculogenesis in the developing cornea suggest a strong response to anti-angiogenic factors probably secreted by the lens and optic cup. In contrast, there is a strong response to angiogenic factors in the periocular region, which favor angioblast migration and proliferation. Brown coloration in the optic cup represents the retinal pigment epithelium. pc, presumptive cornea; PM, periocular mesenchyme; OC, optic cup; A/BV, angioblasts and blood vessels; NC, neural crest cells; VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; PDGF, platelet-derived growth factor. development, whereas their receptors are expressed by migratory angioblasts and newly formed ocular vasculature. Expression of the major proangiogenic factors VEGFA, FGF2, PDGFB, and anti-angiogenic factors sFlt1, Netrin1, Netrin4, Sema3E, and Sema3A (not described in the current study), overlap in the lens and optic cup. At later stages of eye development, VEGFA and Sema3E also overlap in the periocular mesenchyme of the presumptive iridocorneal angle. Given that all the above factors are secreted within the environment of the angioblasts and forming vasculature, lack of angioblast migration into the presumptive cornea suggests that the anti-angiogenic signals dominate in this region and prevent its vascularization. In contrast, pro-angiogenic signals secreted from the lens, optic cup, and periocular mesenchyme may dominate the periocular region and permit angioblast migration and vascular development. Expression of Sema3E in the anterior region of the optic cup suggests that Sema3E/PlexinD1 signaling provides additional inhibitory cues to prevent angioblast migration past the tip of the optic cup. Expression of Sema3G and its receptor Npn2 by the forming vasculature suggests that autocrine Sema3G signaling prevents angioblast migration as an initial step toward vasculogenesis. Additional Sema3G signaling to the surrounding Npn2-positive periocular neural crest could be involved in the formation of pericytes and vascular smooth muscle, which stabilize the newly formed ocular blood vessels. Expression of Netrin1 in the optic cup suggests that it plays a role in preventing the development of retinal blood vessels. In addition to vascular patterning, these factors may play other roles such as cell guidance in the neural retina as well as proliferation and differentiation of lens and periocular neural crest cells. Altogether, our results suggest the presence of proangiogenic and anti-angiogenic factors in the anterior eye with potential to orchestrate the formation of the periocular blood vessels while maintaining corneal avascularity during development. A similar pattern can be suggested from the growing evidence that pro-and anti-angiogenic factors are maintained in a balance under normal physiological conditions of the adult cornea, and play a vital role in its angiogenic privilege and transparency. In addition to pro-and anti-angiogenic factors, other players such as miRNAs, which are increasingly growing in importance as regulators of the angiogenic process, might be involved in ocular vasculogenesis (Su arez and Sessa, 2009; Xu, 2009 Primers previously described (Steffensky et al., 2006) . ocular development and their interactions with pro-and anti-angiogenic angiogenic factors will benefit future functional studies of ocular vasculogenesis and the gene networks involved in this process.
EXPERIMENTAL PROCEDURES Embryos
Tg(tie1:H2B:eYFP) transgenic quail eggs were purchased from Ozark Egg Company (Stover, MO). Eggs were incubated at 37 C for 3, 5, and 7 days to obtain embryos at the three main stages of cornea formation (Hay, 1980; Lwigale et al., 2005) . Embryos were screened using a dissecting microscope and a 488 filter for fluorescence of angioblasts and blood vessels before further processing. White Leghorn chicken eggs were obtained from Texas A&M Poultry Center (College Station, TX). Similarly, chick eggs were incubated for 3, 5, and 7 days. All animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) at Rice University.
Immunostaining Tg(tie1:H2B:eYFP) quail embryos were decapitated and the heads were fixed overnight at 4 C in 4% paraformaldehyde (PFA). In some cases, whole heads of E3 and anterior hemispheres of E5 and E7 eyes were immunostained using standard protocol with a rabbit anti-green fluorescent protein (GFP) antibody (used at 1:2,000, Covance) followed by Alexa-Fluor 488 secondary antibody (used at 1:200, Invitrogen) to enhance the fluorescence signal. After whole-mount imaging, tissues were embedded in gelatin and sectioned at 8-10 mm. Sections were rinsed in phosphate buffer solution (PBS), counterstained with 4,6-diamidino-2-phenylindole (DAPI), and coverslipped before imaging.
RNA Isolation and RT-PCR
Total RNA was isolated from E3 chick heads, anterior hemispheres of E5 and E7 eyes using Trizol reagent (Ambion). cDNA was synthesized by superscript lll reverse transcriptase (Invitrogen). Transcription of pro-and anti-angiogenic factors was analyzed by semi-quantitative PCR reaction using hotstart polymerase (Sigma), and gene specific primers (Table 1; Steffensky et al., 2006) . Analysis of PCR products was done by standard 2% Agarose gels. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) transcripts were used as an equal loading control.
Section In Situ Hybridization
Freshly isolated E3 chick heads and anterior hemispheres of E5 and E7 eyes were fixed overnight at 4 C in modified Carnoy's fixative (60% ethanol, 30% formaldehyde, and 10% glacial acetic acid). Tissues were dehydrated in an increasing ethanol series, embedded in paraffin, and sectioned at 10-12 mm. Riboprobes were prepared by amplifying cDNA templates for genes of interest from a chick cDNA pool and cloning into TOPO vector with dual promoters (Invitrogen). Primers used for amplification of template cDNA fragments from a chicken cDNA pool are listed in Table 1 . Plasmids encoding cDNA for Npn2, FGFR1, and FGFR2 were kindly provided by Marianne Bronner (Gammill et al., 2006; McCabe et al., 2007) . Sense and anti-sense digoxigenin labeled riboprobes were generated by polymerase reactions. Section in situ hybridization was performed as described (Etchevers et al., 2001) . Sense probes were used in parallel for each gene as negative controls.
Imaging
Differential interference contrast (DIC) and fluorescent images of whole-mount and sections were captured using a CCD camera (Axiocam; Carl Zeiss AG, Oberkochen, Germany) mounted on a fluorescence microscope (AxioImager 2; Carl Zeiss AG) with a slider module (ApoTome; Carl Zeiss AG).
